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We have investigated the elastic properties of the Ce-based filled skutterudite antimonides 
CeRu4Sbi2 and CeOs4Sbi2 by means of ultrasonic measurements. CeRu4Sbi2 shows a slight in- 
crease around 130 K in the temperature dependence of the elastic constants Cn, (Cii-Ci2)/2 and 
C44. No apparent softening toward low temperature due to a quadrupolar response of the 4/- 
electronic ground state of the Ce ion was observed at low temperatures. In contrast CeOs4Sbi2 
shows a pronounced elastic softening toward low temperature in the longitudinal Cn as a function 
of temperature (T) below about 15 K, while a slight elastic softening was observed in the transverse 
C44 below about 1.5 K. Furthermore, CeOs4Sbi2 shows a steep decrease around a phase transition 
temperature of 0.9 K in both Cn andC44. The elastic softening observed in Cn below about 15 
K cannot be explained reasonably only by the crystalline electric field effect. It is most likely to 
be responsible for the coupling between the elastic strain and the quasiparticle band with a small 
energy gap in the vicinity of Fermi level. The elastic properties and the 4/ ground state of Ce ions 
in CeRu4Sbi2 and CeOs4Sbi2 are discussed from the viewpoint of the crystalline electric field effect 
and the band structure in the vicinity of Fermi level. 
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gap of A = 47.1 meV.[IO] A further interesting behav- 
ior: NFL appears below about IK in the specific heat 
with the unusual InT dependence and below 5 K in the 
resistivity with a T^-^^ dependence. [7] 

Recently, Bauer et al., have found that the resistiv- 
ity of CeOs4Sbi2 exhibits a semiconductor-like behavior 
at low temperatures with energy gap of 5-15 K by the 
use of an activated conduction law in the temperature 
range 25 K < T < 50 K.[ll] They also estimated the 
Kondo temperature Tk to be about 90 K. The relatively 
large specific heat coefficient 'y=C/T of 96 mJ/mol K^ 
indicates the formation of Heavy Fermion system at low 
temperatures. These experimental results indicate that 
the dense Kondo system with the energy gap at the Fermi 
level is realized in CeOs4Sbi2. The magnetic susceptibil- 
ity was explained by the crystalline electric field (CEF) 
effect with the energy splitting of A = 327 K between 
the Ty doublet ground state and the Tg quartet excited 
state. It also suggested that the Ce ions are almost triva- 
lent in CeOs4Sbi2. The lattice parameters of REOs4Sbi2 
follow the lanthanide contraction at room temperature, 
at least. [12] The well-localized nature of Ce ions expected 
by the CEF effect is not consistent with the character of 
a dense Kondo system with an energy gap. Furthermore, 
CeOs4Sbi2 shows a pronounced anomaly at 0.9 K in the 
specific heat, indicating an intrinsic phase transition. [13- 
14] However, the estimated entropy is extremely small 
amount of 2% of i?ln2 which is expected by the Fy dou- 

blet ground state. Thus, one can expect that this phase 

transition is not ascribable to the well-localized 4/ elec- 
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I. INTRODUCTION 



Filled skutterudite compounds, RETr4Xi2 (RE: rare 
earth; Tr=Fe, Ru, Os; X: pnictogen) exhibit a wide range 
of electrical and magnetic properties, mainly due to the 
4/-electronic state of RE.[1] In this family, semiconduct- 
ing behavior is seen mostly in Ce- and U- compounds. [2- 
4] The energy gap formation in dense Kondo systems is 
one of the most interesting subjects in strongly correlated 
electron systems. The strong electric correlation effect of 
/-electrons plays a crucial role in the systems. In the 
Ce-compounds of CeFe4Pi2, CeFe4Asi2, CeRu4Pi2 and 
CeOs4Pi2 the energy gap has been estimated to be of 110 
meV, 10 meV, 86 meV and 34 meV, respectively. [3,5, 
6] The energy gap is approximately proportional to the 
lattice constant in Ce-based filled skutterudites. More in- 
terestingly, the non-Fermi liquid (NFL) behavior appears 
by the disappearance of the energy gap in the vicinity 
of Fermi level at low temperatures, which is realized in 
CeRu4Sbi2.[7-9] Furthermore, CeRu4Sbi2 exhibits inter- 
mediate valence behavior in the magnetic susceptibility 
and electrical resistivitiy in which an anomalous temper- 
ature dependence appears below about 100 K. The elec- 
tronic contributions to the specific heat is rather large 
with 380 mJ / mol K^ . [7] Recent optical and ultrahigh res- 
olution photoemission studies found that CeRu4Sbi2 ex- 
hibits a charge gap feature below 70 K with the energy 
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magnetic field, reported by Namiki et al.[l3\ They pro- 
posed tliat tliis transition may be responsible for the in- 
stability of the Fermi surface e.g., charge density wave 
(CDW) or spin density wave (SDW) transition. In this 
way a dual character of 4/ electronic state of the Ce ions: 
localized and/or itinerant nature has been reported in 
CeOs4Sbi2 until now. 

Ultrasonic measiiremcnts are particularly suited to 
study via the quadrupolar response of the 4/ electronic 
ground state split by the CEF effect if the 4/ electrons are 
localized well. The elastic constants, as the quadrupolar 
susceptibility, measure the diagonal (Curie terms) and 
off-diagonal (Van Vlcck terms) quadrupolar matrix ele- 
ments. The quadrupolar response of the 4/ electronic 
ground state split by CEF effect causes a characteristic 
anomaly in the temperature dependence of the elastic 
constants due to the terms. [15-17] On the other hand, 
narrow quasiparticle bands with the possession of the 
enhanced effective mass caiisc elastic anomalies as well 
if the 4/ electrons are delocalizcd.[15, 18, 19] In this pa- 
per we report on the elastic properties of single-crystal 
CeRu4Sbi2 and CeOs4Sbi2 by means of ultrasonic mea- 
surements. The present results indicate that the observed 
elastic anomalies can not be explained well by the CEF 
effect in both of the systems. Alternatively, the 4/ elec- 
tronic states of Ce ions is explained reasonably by the 
itinerant picture with an energy gap at the Fermi level 
in CeOs4Sbi2. The preliminary reports have been pub- 
lished in ref. 20. 



II. EXPERIMENT 



Single crystals of CeRu4Sbi2 and CeOs4Sbi2 were pre- 
pared using a molten-metal-flux growth method with Sb 
flux. The specimen used in our study has a size of 
2.27x4.14x1.28 mm^ for CeRu4Sbi2, and 1.0x0.9x0.5 
mm^, respectively, but only with the crystallographic 
(100) axis for CeOs4Sbi2. Thus, the measurements 
of the elastic constants Cn and C44 were possible for 
CeOs4Sbi2 in this study. The sound velocity {v) was 
measured by an ultrasonic apparatus based on a phase 
comparison method in a magnetic field up to 12 T gener- 
ated by a superconducting magnet. The plates of LiNbOa 
transducers were used to generate and detect the sound 
waves with the frequencies from 5 MHz to 30 MHz. The 
transducers were glued on the parallel planes of the sam- 
ple by the elastic polymer Thiokol. The absolute value 
of the elastic constant C=pv'^ by using the density p of 
the crystal was estimated explicitly for CeRu4Sbi2 with 
a lattice parameter a = 9.2721 A, but it was impossible 
for CeOs4Sbi2 because the thickness of the sample was 
not enough. 
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FIG. 1: Temperature dependence of the elastic constants Cii, 
(Cii-Ci2)/2 and C44 for CeRu4Sbi2. 
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FIG. 2: Temperature dependence of the elastic constants C44 
for CeRu4Sbi2 under selected fields along the (100) axis. 



III. EXPERIMENTAL RESULTS 
A. Elastic property of CeRu4Sbi2 

Figure 1 shows elastic constants Cn, (Cii-Ci2)/2 and 

C44 of CeRu4Sbi2 function of temperature. Cn 

was measured by the longitudinal sound wave with fre- 
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TABLE I: The absolute values of each elastic constant, the 
calculated bulk modulus Cb ~{Cii +2Ci2)/3 and Poisson 
ratio 7 =€'12/ {Cn+C 12) for CeRu4Sbi2 at both 77 and 4.2 
K. 





Elastic constants 


Mode 


at 4.2 K 


at 77 K 





Cii 


155 GPa 


152 GPa 




(Cii -Ci2)/2 


43.8 GPa 


43.1 GPa 




C44 


17.8 GPa 


17.5 GPa 


Cb 


=(Cii +2Ci2)/3 


96.6 GPa 


94.5 GPa 


7 = 


=C'l2/(Cll+Cl2) 


0.303 


0.302 
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FIG. 3: Temperature dependence of the elastic constants Cii 
and C44 for CeOs4Sbi2. Inset shows the temperature depen- 
dence of the Cii for CeOs4Sbi2 under selected fields along 
the (100) axis. Their offsets are shifted arbitrarily. 



qucncics of 10 - 30 MHz propagated along the (100) axis. 
(Cii - Ci2)/2 and C44 were measured by the transverse 
sound wave with frequencies of 5 - 15 MHz propagated 
along the (110) axis with the polarization parallel to the 
(1-10) axis and propagated along the (100) axis with the 
polarization parallel to the (010) axis, respectively. They 
all increase monotonically with decreasing temperature. 
A slight increase was observed around 130 K in the elas- 
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FIG. 4: (Left) Low temperature part of the temperature de- 
pendence of the Cii under selected fields along the (100) axis. 
(Right) The corresponding dCn/dT curves in the low tem- 
perature region. Their offsets are shifted arbitrarily. 
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FIG. 5: Magnetic field dependence of the elastic constant C'n 
at selected temperatures around the transition temperature 



tic constants at which the magnetic susceptibility and 
electrical resistivitiy exhibit an anomalous temperature 
dependence. [7] This feature will be discussed in detail 
later. Figure 2 shows the temperature dependence of 
C44 under selected fields along (100) axis. The mono- 
tonic increase shows little change even in magnetic fields 
up to 12 T at low temperatures within the experimental 
error in which the NFL behavior appears in the temper- 
ature dependence of the electrical resistivity and specific 
heat. [7] The absolute values of each elastic constant and 
calculated bulk modulus Cb = (Cii+2Ci2)/3, and Pois- 
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FIG. 6: (Left) Low temperature part of the temperature de- 
pendence of the C44 under selected fields along the (100) axis. 
(Right) The corresponding dC44/dr curves in the low tem- 
perature region. Their offsets are shifted arbitrarily. 
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FIG. 8: Magnetic phase diagram for CeOs4Sbi2 for the field 
along the (100) axis deduced from the present results. The 
broken line is guide to eyes. The horizontal solid and broken 
lines represents the error bars for Cn and C44, respectively. 
They were determine by the Full Width at Half Maximum 
(FWHM) of the anomaly observed around Tg in the derivative 
of the elastic constants with respect to temperature. 
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FIG. 7: Temperature dependence of the attenuation and the 
corresponding elastic constant Cii in zero field. Insets shows 
the temperature dependence of the attenuation under selected 
fields along the (100) axis. 



son ratio ■'y=C 12 /{Cu+C 12) from Cn and (Cii-Ci2)/2 
at both 77 K and 4.2 K are listed in Table I. 



B. Elastic property of CeOs4Sbi2 

Figure 3 shows a relative change of elastic constants 
Cii and C44 as a function of temperature. Both of the 
elastic constants increase monotonically with decreasing 
temperature. However, a pronounced softening toward 
low temperature was observed in Cu below around 15 
K, which is markedly different from that of CeRu4Sbi2. 
A steep decrease was observed at 0.9 K in the elastic 
constants Cu and C44. The softening in C44 toward the 
transition temperature Tg of 0.9 K is rather slight. The 
degree of the softening in Cu is of about 1 % down to the 
temperature of 0.5 K which is the lowest in this study. A 
hump behavior was observed around 35 K in the elastic 
constants Cu and C44. This feature will be discussed 
in detail later. The inset of Fig. 3 shows the tempera- 
ture dependence of Cu under selected fields, and the low 
temperature region is shown in Fig. 4, combined with 
the derivative of Cu with respect to temperature. Their 
offsets are shifted arbitrarily to avoid the overlap and 
complication. The softening was gradually suppressed 
with increasing field. The middle point of the decrease 
shifts to higher temperatures with increasing field as in- 
dicated by the arrows. Furthermore, the steep decrease 
most likely to be related to the phase transition was grad- 
ually suppressed with increasing field. The softening and 
the steep decrease were almost undetectable above 5 T. 
Figure 5 shows the field dependence of Cu at selected 
temperatures. Cu increases monotonically with increas- 
ing field. However, a distinct anomaly was observed at 
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around 1 T at the temperature of 1.2 K. This transition 
corresponds to the phase boundary of the ordered state 
mentioned above. [13-14] This phase will be discussed in 
detail later. Figure 6 shows the temperature dependence 
of C44 under selected fields, combined with the deriva- 
tive of C44 with respect to temperature. In contrast to 
Cii, a softening toward the transition temperature of 0.9 
K is slight. However, a steep decrease probably ascribed 
to the phase transition is observed in C44 as well. Sim- 
ilar to Cii, the decrease was gradually suppressed with 
increasing field. Figure 7 shows a comparison between 
the temperature dependence of the attenuation and the 
corresponding elastic constant in zero field. A distinct 
anomaly was observed at the phase transition tempera- 
ture of 0.9 K. A steep increase of the attenuation was 
observed below Tg at which Cn shows the steep de- 
crease. The increase of the attenuation indicates increase 
in scattering for the propagating sound wave below 0.9 
K. The anomaly shifts to lower temperatures with in- 
creasing field along the (100) axis as shown in the inset 
of Fig. 7. The magnetic phase diagram for CeOs4Sbi2 
deduced from the present results is shown in Fig. 8. The 
boundary goes up to the higher field side and becomes 
gradually obscure in the high temperature region. This 
nature is reminiscent of a ferromagnetic transition. 
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FIG. 9: Theoretical results of the temperature depen- 
dence of the quadrupolar susceptibilities -Xy3^^\T) and - 
Xr5'''''(T), belonging to the (Cii-Ci2)/2 and C44, respec- 
tively, for CeOs4Sbi2 using eq. (2). 



IV. DISCUSSION 

Firstly, we will discuss the obtained results of 
CeRu4Sbi2. The slight increase observed around 130 K 

in the temperature dependence of Cn, {Cn-C 12) /2 and 
C44 seems to be related the anomalous behavior in the 
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FIG. 10: Schematic representation of the densities of the 4/- 
electronic state for CeOs4Sbi2 symmetrically lying above and 
below Ep- 



TABLE II: Obtained iiarameters deduced from the present 
results as slicnvu iu Vvz. 11. 



model 


W 


A 


A 


30 K 


5 K 


B 


30 K 


6 K 


C 


30 K 


6 K 


D 


29 K 


5.5 K 



temperature dependence of the resistivity and magnetic 
susceptibility. The magnetic susceptibility begins to de- 
viate significantly from the Curie- Weiss law expected in 
a trivalent Ce ion state below 150 K and exhibits a 
broad peak around 100 K followed by an upturn below 50 
K.[7] This characteristic behavior is seen in intermediate- 
valence (IV) compounds. Furthermore, a slope of the 
temperature dependence of the electrical resistivity is 
changed below around 150 K. A rapid decrease is ob- 
served below 80 K. [7] The present results indicate that 
the slight increase is related to the onset of the devia- 
tion of the magnetic susceptibility from the Curie- Weiss 
law. This may suggest that the valence state of Ce in 
CeRu4Sbi2 begins to be unstable below around 150 K. 
In the case, the charge fluctuation of the Ce ions usually 
has the strong influence on the bulk modulus C b since it 
is related closely to the change of the total volume as seen 
in a representative of the mixed valence system SmBe.[21] 
The slight increase observed around 150 K, thus seems 
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FIG. 11: Theoretical results of the temperature dependence 
of the elastic constant Cn based on the deformation potential 
using eq. (5). 



to be ascribable to the change of the valence. However, 
it would be difficult to conclude that the slight increase 
is due to the instability of the electronic configuration of 
the Ce ion at this stage, because the magnitude of the 
anomaly in Cb for CeRu4Sbi2 is much smaller than that 
for SmBg in which the mixed valence state is formed. 
Nevertheless, again, this interpretation is consistent with 
that the valence state of Ce in CeRu4Sbi2 becomes un- 
stable at low temperatures suggested by the magnetic 
susceptibility and the lattice constant measurements. [7, 
8] Most probably, a strong hybridization between the con- 
duction electrons and the 4/-electronic state plays a cru- 
cial role at the temperature in this system. Few influence 
of the NFL state on the elastic constants is recognized in 
this study. This might indicate that the origin is at- 
tributed to an irrelevant magnetic fluctuation, but not 
the relevant charge one to the elastic strain. 

Let us move on the discussion of CeOs4Sbi2. First, we 
mention the CEF level scheme of the Ce in CeOs4Sbi2. 
The elastic softening toward low temperature, observed 
in well-localized 4/ electron systems, can be visually \m- 
derstood as the quadrupolar response of the system to 
external strain. This effect has its origin in the mod- 
ulation of the CEF by the strain. If one neglects the 
inter-site interaction between quarrupolar moments, the 
elastic softening toward low temperature can be analyzed 
with the following formula (l).[22-24] 

Cr(T) = -Nglx\:'\T) (1) 

Here, N and gr are the number of Ce ions in unit vol- 
ume and the coupling constant between the quadrupolar 

moment and the relevant elastic strain, respectively. F 
represents the irreducible representation: T3 and F5 for 



a cubic system. xr^'^H'^) denotes the quadrupolar sus- 
ceptibility for the 4/ electronic state in the cubic CEF 
potential, which can be written as follows, 

ik ^ 

.(_i_,,o..,p-.i:M) 

where \ik) represents the fc-th eigenfunction of the i-th 
CEF level. If the ground state is degenerate with re- 
spect to a quadrupolar moment Or, a softening in the 
corresponding elastic constant is expected to occur due 
to the non-zero Curie term. Figure 9 shows the cal- 
culated results of a relative change of the elastic con- 
stant, ACr for {Cn-Ci2)/2=-Ngr3Xr3^'HT) and C44=- 
iVgrsXrs''*'' (^) based on the proposed CEF level scheme 
in CeOs4Sbi2.[9] The calculated quadrupolar susceptibil- 
ity Xra^^H^) and Xrs^^H^) are belonging to the elastic 
constants both (Cii-Ci2)/2 and C44, respectively. Un- 
fortunately it is impossible to compare quantitatively the 
present results to the theoretical ones based on the CEF 
effect since (Cii-Ci2)/2 could not be measured in this 
study. Nevertheless, if the CEF effect is dominant at low 
temperature i.e., a well- localized picture can be adapted 
to CeOs4Sbi2, a pronounced softening is expected in both 
(Cii-Ci2)/2 and C44- In particular, a minimum is ex- 
pected in the temperature dependence of (Cii-Ci2)/2 
around A/2= 165 K, where A denotes the splitting en- 
ergy of CEF effect as shown in Fig. 9. Cn consists of 
a linear combination of (Cii-Ci2)/2 and bulk modulus 
Cb- Thus, Cii is qualitatively equivalent to (Cii-Ci2)/2 
if the CeOs4Sbi2 is the well-localized 4/-system. If so, 
it is quite hard to account for the obtained results: a 
softening below 15 K in Cn only by the CEF effect in 
CcOs4Sbi2. We need to postulate a different way to ex- 
plain this softening. Here, we argue the origin of the 
observed elastic softening below 15 K in Cn as follows. 
In the case of an electronic band with a large cyclotron 
effective mass, a coupling between the conduction elec- 
trons and the relevant elastic strains associated with a 
sound wave can be significant, and causes anomaly in 
the elastic constant as mentioned in Introduction. [18-19] 
This essential coupling may be described by 

Ek=E°k+ Qkrer + {hkvfel/^k (3) 

where, i?fc, gu and hk denote the energy of the upper 
or lower quasiparticle band, the first and the second de- 
formation potential coupling constants, respectively. A/j 
denotes the band gap at the Fermi level. Then, the free 
energy of the conduction electrons is described as follows, 

F,i=nC-kBTy^ln{l + exp{^^^)) (4) 
. kbT 



7 



Here, n denotes the number of the conduction elec- 
trons in the quasi-particle band and ^ is the chemical 
potential. From the second derivative of the free energy 
with respect to the elastic strain er, one obtains an anal- 
ogous expression for the elastic constants as in the case of 
magnetoelastic interaction with Fermi-Dirac distribution 
function f k=l+exTp{{(-Eh)/^BT)~^ as follows, 

r k r 

k 

knT EkA(l-/fe) ^' 

The second term and the both of third and fourth 
terms of eq. (5) represent the Van Vleck and the Curie 
term, respectively. Cr° in eq. (5) is the background elas- 
tic constant without the contribution of the / electrons. 
Variation in Cr" originates mainly from anharmonic ef- 
fects of the crystal. This formalism is very similar to that 
of the strain susceptibility of the localized 4/-electron 
system without the Fermi distribution function fk ■ Here, 
the conservation law of the total number of electrons is 
employed in the quasi-particle band. For simplicity, the 
simple quasi-particle band model is assumed, in which 
the dispersion of band energy is neglec;tcKl and the Fermi 
level £i? is located at the middle of energy gap A. In 
addition, g^ and are independent of the wave vector 
k. Furthermore, the rectangular density of states A^o for 
the upper and lower bands with the same band width 
W were introduced. The present model is illustrated in 
Fig. 10. It is noted that a shift of the chemical potential 
is not expected with changing the temperature for this 
symmetric two-band model. 

We have analyzed the elastic softening with eq. (5) 
under the above-mentioned conditions. The fitting re- 
sults are shown by the dotted lines in Fig. 11. Here, 
the background elastic constant was determined so that 
the high temperature part followed the obtained results. 
The obtained parameter was summarized in table II. The 
estimated value of the band gap A is in good agreement 
with that determined by the electrical resistivity mea- 
surement. [11] This value is, however quite small com- 
pared to that determined by the optical conductivity 
measurement. [25] In the latter case, it is almost of ten 
times in magnitude. This inconsistency may be ascribed 
to the complicated band structure in the vicinity of Fermi 
level sp, and that the band gap has the strong temper- 
ature dependence as generally expected in conventional 
Dense Kondo semiconductors and semimetals. The mul- 
tiple formation of the energy gap may be realized in 
CeOs4Sbi2, which is developing by the change of tem- 
perature. 

Secondary, we discuss the phase transition at Tg of 
0.9 K. As mentioned in Introduction, this is expected to 



be due to the instability of the Fermi surface, such as 
charge density wave (CDW) or spin density wave (SDW) 
transition because of the extremely tiny entropy release 
of 0.02Rln2 at this temperature. [13-14] A steep decrease 
was observed in the elastic constants at Tg, which is quite 
different from that observed in a conventional magnetic 
ordering due to the well-localized 4/ electronic state. [17, 
23] A clear upturn, i.e., an abrupt elastic hardening is 
observed in that case such as NdFe4Pi2 which exhibits a 
ferromagnetic transition at 1.9 K with full release of the 
magnetic entropy of i?ln4 expected by the quartet ground 
state. [2, 26] This experimental fact may also indicate that 
the phase transition at Ts is due more to the conduction 
electron state than the localized 4/-clectronic state. In- 
terestingly, this transition shifts to higher temperatures 
with increasing field, which is consistent with the re- 
sults of the specific heat measurement. This behavior 
let us conjecture that of a quadrupolar ordering as seen 
in CeBg and TmTe, or a ferromagnetic transition. [27- 
29] This model, however cannot explain the extremely 
tiny entropy release at as mentioned above. Recently, 
a ferromagnetic ordering with the tiny entropy release 
was reported in some other filled skutteruditc compounds 
such as Pri_j;Laj;Fe4Pi2 being for x—0.05 and 0.15, and 
SmFe4Pi2 in which the extremely heavy fermion sys- 
tem is realized. [30, 31] We suggested that their systems 
are close to the quantum critical point (QCP) just fol- 
lowed disappearance of a magnetic or quadrupolar or- 
dering phase. [32] It is pointed out that the instability of 
Fermi surface arisen from a strong hybridization plays a 
crucial role for this ferromagnetic transition. Again, the 
present results let us conjecture that such a peculiar mag- 
netic transition may occur at Tg of 0.9 K in CeOs4Sbi2. 
The origin of the phase transition in CeOs4Sbi2 is left to 
the future studies. 

Thirdly, we discuss the selective connection between 
the elastic softening and the Fermi surface from the view- 
point of their symmetry in CeOs4Sbi2. According to 
the de Haas- van Alphen effect measurement and the 
band calculation of the reference material LaOs4Sbi2, the 
Fermi surface consists of the closed hole surface derived 
from the 47th band centered at the F point and the closed 
and multiply connected hole surfaces from 48th band. [33, 
34] Especially, the multiply connected hole surface is rele- 
vant to the heavy electrons through the correlation effect, 
whose main parts are centered at the N point. [33] The 
band structure calculations in LaOs4Sbi2 indicate that 
the Fermi surface of the band is missing in the direction 
of (100) and (111), and their equivalent. It can therefore 
be presumed that this multiply connected hole surfaces 
has the strong deformation coupling with the relevant 
elastic strain induced by the sound wave. If we assume a 
charge density located at the N point, the character for 
them is decomposed into a direct sum of the irreducible 
representations Fi, T3 and r4. Consequently, there can 
be charge-fluctuation modes with T3 symmetry, which 
possibly couple to the elastic strains eu={2ezz-£xx-£yy) or 
£v={£xx-£^vy) with Fa symmetry of the soft elastic mode 
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i.e., (Cii-Ci2)/2 mode and Cn as well. The lack of Fs 
representation expects the absence of the significant clas- 
tic softening around Tg in the C44 mode associated with 
the elastic strains Sy^, Szx, ^xy of r5 symmetry. This in- 
terpretation can explain reasonably the obtained results. 

In addition, a slight change was observed in the tem- 
perature dependence of Cn around 30 K in CcOs4Sbi2. 
It would be difficult to conclude at present whether this 
anomaly is intrinsic or not. The reproducibility of the 
date was confirmed in the present study. However, no 
remarkable anomaly around this temperature has been 
observed in the other physical properties. If this is in- 
trinsic this may be due to crystalline electric field (CEF) 
effect proposed by Bauer et a/,. [11] Actually, the pro- 
posed CEF level scheme is expected to cause a change 
of the slope in the temperature dependence of Cn and 
C44 around 35 K. Another scenario is the thermally acti- 
vated rattling motions of an off-center rare-earth atom in 
a cage of Sb-icosahedron, recently suggested by Goto et 
a?,. [35, 36] The increase behavior of the elastic constant 
with decreasing temperature lets us conjecture that of 
PrOs4Sbi2. Very recently, we found a same behavior in 
the temperature dependence of the elastic constants of 
SmOs4Sbi2 [37]. These experimental facts suggest that 
the rattling motion of an off-center rare-earth atom is 
common feature in REOs4Sbi2. A relatively large lat- 
tice parameter or/and a relatively large size of the cage 
of Sb-icosahedron in REOs4Sbi2 may yield a condition 
for the rattling motion. This is left to future studies, 
and further experiments including the sound attenuation 
measurement with a large size of the single-crystal are 
strongly requisite. 

Finally, we would like to make a comment on the com- 
mon elastic feature in the Filled Skutterudite compounds 
that show semiconductor-like behavior in their electrical 
resistivity. PrRu4Pi2 and SmRu4Pi2 exhibit a metal- 
insulator transition at 62.4 K and 16 K, respectively. [38, 
39] The electrical resistivity increases rapidly below the 
transition with decreasing temperature in the both com- 
pounds. Except for the phase transition the similar be- 
havior is seen in that of CeOs4Sbi2. Interestingly, the 
characteristic softening toward low temperature was ob- 
served also in the temperature dependence of clastic con- 
stants of PrRu4Pi2 and SmRu4Pi2.[40, 41] The common 
origin may cause the characteristic softening in these 
compounds. As we will report in the separated arti- 
cles, a clear softening was observed in the temperature 
dependence of the elastic constants(Cii-Ci2)/2 and C44 
below about 2 K in SmRu4Pi2. However, it is quite dif- 
ficult to explain them reasonably by the CEF effect. [41] 
In PrRu4Pi2 a clear excitation of the CEF level scheme 
was observed by the inelastic neutron scattering measure- 
ment. [42] The ground state of Pr ion split by the CEF 
effect expects such a characteristic softening in the tem- 
perature dependence. In these systems, it would be diffi- 
cult to determine the primary origin to cause the elastic 
softening, i.e., being ascribable to the deformation poten- 
tial or/and the CEF effect only by results of ultrasonic 



measurements. Again, we believe that the coupling be- 
tween the elastic strain £„ or and the heavy conduction 
electrons whose band is centered at the N point, plays a 
clue role in CeOs4Sbi2 in causing the elastic anomaly in 
Cii. On the other hand, the characteristic elastic soft- 
ening was not observed in CeRu4Sbi2 which exhibits a 
metallic behavior at low temperatures, exactly speaking 
non-Fermi liquid behavior. The different manner in the 
temperature dependence of the elastic constants between 
CeOs4Sbi2 and isostructural CeRu4Sbi2 may provide an 
evidence of the gap formation in CeOs4Sbi2.The differ- 
ent electronic band structure in the vicinity of the Fermi 
level would govern the observed elastic anomalies. Inter- 
estingly, the similar feature is seen in the Dense Kondo 
compounds CeNiSn and isostructural CePdSn as well. [19] 



V. SUMMARY 



In this paper we have presented the elastic proper- 
ties of the non-Fermi liquid metal CeRu4Sbi2 and the 
dense Kondo semiconductor CeOs4Sbi2. We have per- 
formed ultrasonic measurements to measure the temper- 
ature dependence and the field dependence of the elastic 
constants Cn, (Cii-Ci2)/2 and C44 for CeRu4Sbi2, and 
Cii and C44 for CeOs4Sbi2, respectively. Prom our ex- 
periments the following conclusions have been obtained. 
A slight increase was observed around 130 K in the elastic 
constants of CeRu4Sbi2, where the magnetic susceptibil- 
ity and the electrical rcsistivitiy exhibit an anomalous 
temperature dependence. The instability of the valence 
state in the Ce ion may cause the elastic anomaly around 
130 K. In CeOs4Sbi2, on the other hand, a pronounced 
softening in the longitudinal C\\ toward the Tg was ob- 
served. This can be explained reasonably by the coupling 
between the elastic strain e„ or and the heavy con- 
duction electrons whose band is centered at the N point. 
The energy gap A and bandwidth W were estimated to 
be about 5 to 6 K and 30 K, respectively. It is indi- 
cated, from this work, that the quesiparticles formed by 
the hybridization between the conduction electron band 
and the 4/ localized electrons play a crucial role in the 
low temperature properties of CeOs4Sbi2. Furthermore, 
a steep decrease was observed in the elastic constants 
around Ts . Although the origin of this phase is not clear 
at this stage, this elastic behavior is likely to be com- 
mon in the other skutterudite compounds where a week 
magnetic ordering with a small amount of entropy release 
occurs at low temperatures. This behavior lets us con- 
jecture the magnetic ordering originated in the itinerant 
heavy quasiparticles. For a further discussion, it is neces- 
sary to make clear the magnetic structure in the ordered 
phase in CeOs4Sbi2. 
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